The bacterial BipA protein belongs to the EF-G family of translational GTPases and has been postulated to be either a regulatory translation factor or a ribosome assembly factor. To distinguish between these hypotheses, we analyzed the effect of bipA deletion on three phenotypes associated with ribosome assembly factors: cold sensitivity, ribosome subunit distribution, and rRNA processing. We demonstrated that a ⌬bipA strain exhibits a cold-sensitive phenotype that is similar to, and synergistic with, that of a strain with a known ribosome assembly factor, deaD. Additionally, the bipA deletion strain displayed a perturbed ribosome subunit distribution when grown at low temperature, similar to that of a deaD mutant, and again, the double mutant showed additive effects. The primary ribosomal deficiency noted was a decreased level of the 50S subunit and the appearance of a presumed pre-50S particle. Finally, deletion of bipA resulted in accumulation of pre23S rRNA, as did deletion of deaD. We further found that deletion of rluC, which encodes a pseudouridine synthase that modifies the 23S rRNA at three sites, suppressed all three phenotypes of the bipA mutant, supporting and extending previous findings. Together, these results suggest that BipA is important for the correct and efficient assembly of the 50S subunit of the ribosome at low temperature but when unmodified by RluC, the ribosomes become BipA independent for assembly.
I
nquiry into protein function is often guided by a combination of observed mutant phenotypes and predicted protein activities based on homology comparisons to proteins with known functions. These tools do not, however, always provide clear directions for deciphering functions of unknown proteins, even in the wellstudied model organism Escherichia coli, and this is particularly true in the study of nonessential proteins. One such protein whose function remains undefined is BipA. The bipA gene is conserved in a large number of bacterial species, as well as in at least one chloroplast genome (1, 2) . The domain architecture of BipA demonstrates that it belongs to the elongation factor family of GTPases, which includes EF-G, EF-Tu, and LepA (EF-4) (3, 4) , suggesting that BipA (and LepA) might be a translation factor(s). However, unlike EF-G and EF-Tu, BipA and LepA are dispensable for growth, as bipA and lepA deletion mutants do not display overt growth defects under standard conditions (5) . Yet the conservation of bipA suggests that the function of the protein is important for optimal cell viability and that conditions exist that dictate retention of the gene.
Consistent with its similarity to EF-G, BipA has been shown to be a ribosome-binding GTPase, and the site of binding to the ribosome appears to overlap that of EF-G (6) . BipA associates with 70S ribosomes only in the GTP-bound state, and hydrolysis of GTP to GDP dissociates BipA from ribosomes (7) . The hydrolytic activity of BipA is stimulated in the presence of 70S ribosomes, tRNA, and mRNA (7) , implying that this function is employed during active translation and supporting the proposal that BipA is a translation factor.
Genetic analyses have also yielded clues to the role of BipA. Mutations in bipA result in a diversity of phenotypes, including cold sensitivity (8) , hypermotility (9) , decreased capsule synthesis (10) , increased chloramphenicol sensitivity (11) , and decreased pathogenicity (12) . These pleiotropic effects, combined with the similarity to elongation factors, led to the hypothesis that BipA is a translation factor that might regulate protein expression through an interaction with the ribosome that alters the efficiency of translation of target mRNAs (5, 7) .
An alternate hypothesis, however, is that BipA is important for ribosome assembly. Supportive of this hypothesis, many known ribosome assembly factors, such as Era, EngA, and CgtAE, are also GTPases (13) (14) (15) , although they belong to a family of GTPases separate from the elongation factors (16) . Additionally, like BipA, most of these ribosome assembly factors are dispensable for growth, exhibiting no obvious phenotypes under optimum growth conditions (17) . However, mutations do often display cold-sensitive growth as well as ribosome assembly defects characterized by incorrectly assembled ribosomal subunits and impaired maturation of rRNA(s) (17) (18) (19) . Finally, and again similarly to bipA, mutations in ribosome assembly factors also affect unrelated nonribosomal processes, including DNA replication, metabolism, or the cell cycle (17) . The cold sensitivity and the diversity of phenotypes associated with bipA mutants are consistent with the hypothesis that BipA may be similar in function to these ribosome assembly factors.
Genetic analysis of mutations in potential ribosome assembly factor genes has provided insight into their involvement in ribosome maturation and assembly. In one study, deletion of rhlE exacerbated the cold-sensitive phenotype of ⌬deaD mutants, while it alleviated the phenotype of ⌬srmB strains (20) . RhlE, DeaD, and SrmB are all DEAD box RNA helicases, and the latter two are involved in the biogenesis of the 50S ribosomal subunit. Based on these genetic data, it was proposed that RhlE is also a ribosome assembly factor, and subsequent analyses substantiated that hypothesis (20) . Similarly, YjeQ was proposed to be a 30S subunit maturation factor when deletion of rimM, an essential 30S assembly factor, exacerbated the slow-growth phenotype of a ⌬yjeQ strain (21) . Thus, genetic interactions have facilitated characterization of proteins that are involved in the complex process of ribosome assembly.
A final factor in our consideration of BipA function was discovered in our previous search for suppressors of ⌬bipA cold sensitivity. We found that deletion of rluC, a pseudouridine synthase coding gene, suppressed two phenotypes of ⌬bipA mutants, cold sensitivity and decreased capsule synthesis (5). RluC is responsible for the insertion of three pseudouridines into the 23S rRNA, at positions 955, 2504, and 2580 (22) . Although the role of rRNA modification is incompletely defined, it has been suggested that modifications are important structural determinants during the assembly process (23) . Therefore, it is possible that RluC-modified ribosomes require BipA for complete and efficient assembly, at least under certain conditions such as low temperature. In the absence of modification, an alternate, BipA-independent pathway may function to assemble ribosomes. Alternately, it may be that the function of ribosomes is altered by pseudouridine modification and that BipA may affect translational efficiency. Again, the loss of modification would render the ribosomes independent of BipA (5).
The information provided thus far can support either of two hypotheses for BipA function: BipA may be a translation factor that regulates expression of specific mRNAs, or BipA might be involved in ribosome assembly (5) . To distinguish between the two hypotheses, in this study we examined the involvement of BipA in ribosome assembly. As combinatorial genetics proved informative in defining RhlE and YjeQ as ribosome assembly factors, we created combinations of bipA, deaD, and rluC mutations to examine growth phenotypes, ribosome subunit distribution, and rRNA processing to determine the effect of BipA on these processes. Our results suggest that deletion of bipA adversely affects the efficiency of ribosome assembly and rRNA processing. The combination of deaD deletion with bipA deletion resulted in more profound effects on ribosomes, while deletion of rluC was able to suppress the effects of bipA deletion. Based on these results, we propose that the function of BipA is important for efficient assembly of ribosomes.
MATERIALS AND METHODS
Bacterial strains and media. Escherichia coli strains JW2553 and JW5531 (Table 1) were obtained from the E. coli Genetic Stock Center (24) . All other bacterial strains used were derivatives of E. coli K-12 strain MG1655 and are listed in Table 1 . Bacteria were grown in modified Luria Bertani (LB) media (28) , except when M9 minimal medium (28) was used to select against the donor strain following conjugation. Ampicillin (125 mg/liter) and kanamycin (50 mg/liter) were used as indicated.
Strain constructions. Standard genetic techniques were used for strain constructions (28) . Insertion-deletion mutations were introduced via P1 transduction. Where indicated, the npt cassette was removed by conjugation with E. coli S17-1 pir(pJMSB8) and subsequent homologous recombination (26) .
Growth analysis. Growth curve analyses were performed using a Bioscreen C microbiology reader from Labsystems (Helsinki, Finland). Bacterial cultures were grown overnight in LB at 37°C in standard culture tubes and then diluted to an optical density at 600 nm (OD 600 ) of 0.02. A 300-l volume of diluted culture was added in triplicate to each well of a honeycomb plate for use in the Bioscreen C reader. Growth was allowed to continue at either 37°C or 20°C for 40 h with continuous shaking, and OD 600 was monitored every 30 min. Growth curves were generated by plotting OD 600 versus time using GraphPad Prism. Due to the shorter path length of the honeycomb wells, the OD 600 values obtained from a Bioscreen C reader are not directly comparable to those obtained from a standard spectrophotometer (5) . Ribosome profile analysis. Bacterial cells were grown either at 37°C or at 20°C to an OD 600 of 0.5 to 0.7, and ribosome extracts were prepared as described previously (19) . Briefly, chloramphenicol was added to the cultures to a concentration of 100 g/ml and cells were collected by brief centrifugation. The pellets were resuspended in 1ϫ buffer A (10 mM Tris-HCl [pH 7.5], 60 mM KCl, 10 mM MgCl 2 ) containing 0.5 mg/ml lysozyme and frozen overnight at Ϫ20°C. The samples were thawed on ice the next day, treated with buffer A containing 0.5% Brij 58, 0.5% deoxycholate, and 0.1 unit/l RQ1 DNase (Promega), and incubated on ice. Following incubation, ribosomal extracts were prepared by collecting the supernatant after brief centrifugation. Approximately 20 A 260 units of the ribosomal extracts were layered onto a 10% to 40% linear sucrose gradient prepared in buffer B (10 mM Tris-HCl [pH 7.5], 50 mM NH 4 Cl, 10 mM MgCl 2 , 1 mM dithiothreitol [DTT] ) and centrifuged at 22,000 rpm for 19 h at 4°C in an SW28 rotor (Beckman). Following centrifugation, ribosomal fractions were collected from the bottom of the centrifuge tubes to the top by piercing the bottom of the tube and allowing samples to drip into collection tubes. A 260 values were monitored using a spectrophotometer (Biotek, Inc.) and Gene 5.2 software. Ribosome profiles were generated by plotting A 260 values versus fraction numbers, using Microsoft Excel.
RNA analysis. Overnight cultures of bacterial cells were subcultured at 1:100 and grown at 20°C to an OD 600 of 0.5 to 0.7. Whole-cell RNA was extracted using TRIzol reagent (Life Technologies) following the manufacturer's instructions. RNA was separated on 1.2% (23S rRNA analyses) or 2.0% (16S rRNA) agarose gels and transferred to nitrocellulose membranes (Micron Separations Incorporated) as described previously (15) . Northern analysis was performed using the probes described in Table 2 . The 16S-M probe was used to identify both precursor and mature 16S rRNAs, and the 23S-U and 23S-M probes were used to identify precursor and mature 23S rRNAs, respectively. The 16S-M probe was 5= biotin tagged (purchased from Midland Oligos), and the 23S-M and 23S-U probes (purchased from IDT DNA) were labeled at the 5= end using [␥-
32 P]dATP (MP Biomedicals) (specific activity, 6,000 Ci/mmol) and T4 polynucleotide kinase (New England BioLabs). Following hybridization, the membranes were washed as described in Table 2 (19) . Biotin signals were detected using a biotin detection kit (Thermo Scientific) and Immun-Star chemiluminescent substrate (Bio-Rad) following the manufacturer's instructions. Band intensities were quantified using Quantity One imaging software. The radioactive signals were detected using a Typhoon scanner (Amersham Biosciences) and quantified using Image J (NIH; http://imagej.nih.gov/ij/). Statistical significance was calculated by a oneway analysis of variance (ANOVA) and Dunnett's post hoc test. Statistical significance was set at P Ͻ 0.05.
RESULTS
The cold-sensitive phenotypes of the ⌬bipA and ⌬deaD strains are similar and are synergistic. Analysis of mutant phenotypes can often provide insights into the function of gene products (29, 30) . In the case of ribosome assembly, the most common phenotypes associated with mutation of ribosome assembly factors are cold sensitivity, disruption of ribosome subunit distribution, and accumulation of precursor rRNAs (13, (18) (19) (20) . To assess whether BipA might be involved in ribosome biogenesis, we examined these three phenotypes, compared the results to those seen with the known ribosome assembly factor deaD, and analyzed the double mutant ⌬bipA ⌬deaD to detect combinatorial effects.
We demonstrated previously that deletion of bipA results in a cold-sensitive growth phenotype (8) . Now we compared the cold sensitivity of the ⌬bipA strain to that of the ⌬deaD strain. We monitored the growth of the wild-type (MG1655), ⌬bipA, ⌬deaD, and ⌬bipA ⌬deaD strains at 37°C and at 20°C (Fig. 1) . At 37°C, all strains grew equally well (Fig. 1A) ; the single mutant strains had no detectable growth defect compared to the wild-type strain, and the double-mutant strain exhibited only a very slight decrease in its growth rate. At 20°C, both the ⌬bipA and ⌬deaD strains displayed a cold-sensitive phenotype, as previously reported (Fig. 1B ) (8, 18) . Both strains remained in lag phase for an extended period before entering exponential growth, with the lag for the ⌬deaD strain noticeably longer than for the ⌬bipA strain. Once the mutant strains entered the exponential-growth phase, they achieved comparable maximal rates of growth that were approximately half that of the wild-type strain (approximately 6 h doubling time for each single mutant compared to 3 h for the wild-type strain). However, the ⌬bipA ⌬deaD double-mutant strain exhibited a more severe cold-sensitive phenotype than either the wild-type strain or the single mutants. This defect manifested as a greatly protracted lag phase, and, once the exponential growth phase was reached, a maximal growth rate of approximately 13 h per doubling, approximately one-fourth the rate seen with the wild-type strain, was observed. This extremely slow growth indicates a multiplicative effect of the two mutations that may be due to a severe defect in ribosome assembly. Deletion of bipA alters ribosome subunit distribution. To further examine the potential role for BipA in ribosome assembly, we analyzed the ribosome profile of a ⌬bipA mutant to determine whether deletion of bipA results in altered proportions of 70S, 50S, and 30S ribosomal fractions and if precursor particles could be detected. Wild-type and ⌬bipA strains were grown at either 37°C or 20°C, and ribosomes were extracted and fractionated by sucrose gradient centrifugation to separate the 70S ribosome, the 50S particle, and the 30S subunit. When grown at 37°C, the ribosome profile of the ⌬bipA strain was similar to that of the wildtype strain ( Fig. 2A and B) . Additionally, ribosomes from the wildtype strain showed very similar profiles whether grown at 37°C or at 20°C ( Fig. 2A and C) . However, after growth at 20°C, ribosomes isolated from the ⌬bipA strain were perturbed in the distribution of the subunits, exhibiting an increased ratio of 30S subunits to 50S subunits (Fig. 2D ). Additionally, a small peak was observed between the 50S and 30S peaks that was suggestive of the accumulation of a precursor 50S ribosomal particle (19) . It is also notable that the ratio of 30S and 50S subunits to the 70S monosomes was increased. These results indicate that BipA influences ribosomal subunit ratios, particularly that of the 50S ribosomal subunit, and suggest that BipA may be involved in the biogenesis of the 50S subunit.
Deletion of rluC relieves the ribosome defects of the ⌬bipA mutant. We previously demonstrated that deletion of rluC alleviates the cold sensitivity and the capsule synthesis defect of a ⌬bipA mutant (5). One hypothesis suggested by these findings was that ribosome assembly requires BipA but that ribosomes lacking the pseudouridines inserted by RluC are able to be assembled properly by an alternate, BipA-independent pathway. If that hypothesis is correct, we predicted that deletion of rluC would restore normal ribosome subunit profiles to the ⌬bipA mutant. Accord- . Ribosomal subunits were separated as described in Materials and Methods, with fractions collected from the bottom of the sucrose density gradient to the top. Ribosome particles were identified by measuring the A 260 of each fraction to identify rRNA. The peaks corresponding to the 30S and 50S subunits, 70S ribosomes, and the presumed pre-50S particle are indicated. All samples were analyzed from at least three biological replicates; representative examples are shown. ingly, a ⌬rluC mutant and a ⌬bipA ⌬rluC double mutant were grown at 37°C or at 20°C, and the ribosomal profile of each was analyzed and compared to those of the wild-type and ⌬bipA strains. The ribosome profiles of all three mutants were similar to that of the wild-type strain at 37°C ( Fig. 2A and B and 3A and  B) . Following growth at 20°C, the ⌬rluC mutant exhibited a ribosome profile similar to that of the wild-type strain, with no apparent defect in ribosome assembly (Fig. 3C) . Strikingly, the ⌬bipA ⌬rluC double mutant also had no obvious defect in ribosome assembly when grown at 20°C (Fig. 3D) , with subunit distributions that appeared to have been restored to wild-type levels. This observation is in accordance with our previous finding that deletion of rluC suppressed the cold sensitivity and capsule synthesis defects of a ⌬bipA strain. Our results indicate that deletion of rluC also alleviates the ribosomal defect incurred by deletion of bipA.
Deletion of bipA and deaD affects ribosome assembly synergistically. Our results demonstrate that deletion of both bipA and deaD has a synergistic effect on cold sensitivity (Fig. 1) , suggesting related functions for these two proteins. Therefore, we determined the effect of deaD deletion on the ribosome profile of a ⌬bipA mutant. As seen in previous reports, the ⌬deaD mutant was similar to the wild-type strain at 37°C (Fig. 4A ) but at 20°C exhibited defective ribosome assembly characterized by an increased proportion of 30S subunits, decreased amounts of 50S subunits, and the presence of a precursor 50S ribosomal particle (Fig. 4C) (18) . This profile is comparable to that of the bipA mutant, only more severe. The ⌬bipA ⌬deaD double mutant also displayed apparently normal ribosome profiles at 37°C (Fig. 4B) . Strikingly, however, deletion of both bipA and deaD at 20°C resulted in a greatly exacerbated defect in ribosome subunit distribution. The ribosome profile of the ⌬bipA ⌬deaD double mutant displayed increased proportions of both 50S and 30S ribosomal subunits relative to 70S, decreased amounts of fully formed 70S ribosomes, and significant levels of a presumed precursor 50S particle (Fig.  4D ). This finding is in concordance with the extremely slow growth exhibited by the ⌬bipA ⌬deaD double mutant at 20°C depicted in Fig. 1 . Our results suggest that both BipA and DeaD are contributors to efficient and/or correct ribosome assembly.
Accumulation of precursor rRNAs in the ⌬bipA mutant. Ribosome assembly defects are often characterized by the accumulation of precursor 23S rRNA (p23S) and/or precursor 16S rRNA (17S) (18, 19) . Because our data suggest that deletion of bipA affects biogenesis of the 50S ribosomal subunit, we further characterized the ribosomal defects of a ⌬bipA mutant by analyzing the conversion of p23S rRNA to mature 23S rRNA. Additionally, because it has been seen that defects in 50S biogenesis can indirectly impact 16S rRNA processing, as evident in strains lacking the 50S assembly factor SrmB (19), we monitored 16S rRNA processing as well. As before, we assessed the contribution of rluC or deaD deletion to 23S and 16S rRNA processing both alone and in combination with bipA deletion.
The p23S rRNA that accumulates in bacterial cells lacking ribosome assembly factors is either three or seven nucleotides longer at the 5= end and seven to nine nucleotides longer at the 3= end than the mature 23S rRNA (Fig. 5A) (18, 19) . To analyze 23S rRNA processing in our strains, whole-cell RNA was isolated from bacterial cells grown at 20°C and 23S rRNA species were visualized by Northern blotting using two different probes. The first, 23S-U, anneals partially to the upstream sequence and partially to the mature sequence of a 23S rRNA. Under the conditions used, the short region of complementarity between the probe and the mature 23S rRNA is insufficient to maintain the duplex; thus, the probe detects p23S rRNA only (Fig. 5A) . The second probe, 23S-M, anneals specifically to mature 23S rRNA and therefore detects both species of rRNA. Therefore, the ratio between the signals from the two probes provides an indicator of the processing of p23S to 23S rRNA, described here as the ratio of the level of precursor rRNA (P) to the sum of the levels of precursor rRNA and mature rRNA (P ϩ M), calculated as P/(P ϩ M).
As observed previously by others, wild-type MG1655 accumulated small amounts of p23S rRNA when grown at 20°C (15) (Fig.  5B) . The ⌬bipA strain also accumulated p23S rRNA at 20°C and did so to a greater extent than the wild-type strain [P/(P ϩ M) ratio, 0.52 versus 0.31]. While deletion of rluC resulted in a small amount of p23S accumulation (0.42), the ⌬bipA ⌬rluC double mutant restored wild-type levels of p23S (0.35), again demonstrating that deletion of rluC alleviates the defects imposed by deletion of bipA. The small amount of precursor accumulation in the rluC mutant is not surprising since RluC was previously re- ⌬deaD (PC95) (A and C) and ⌬bipA ⌬deaD (PC96) (B and D) strains were grown either at 37°C (A and B) or at 20°C (C and D). Ribosomal subunits were separated as described in Materials and Methods, with fractions collected from the bottom of the sucrose density gradient to the top. The peaks corresponding to the 30S and 50S ribosomal subunits, 70S ribosomes, and presumed pre-50S particle are indicated. All samples were analyzed from at least three biological replicates; representative examples are shown. ported to be associated with a pre-50S ribosomal particle, suggesting a function of RluC in 50S subunit biogenesis (15) . The P/(P ϩ M) ratio in the ⌬deaD mutant (0.62) was higher than that in the wild-type strain or the bipA mutant strain (0.52) (Fig. 5B) . This observation is consistent with our findings that the cold-sensitive phenotype of a ⌬deaD mutant is more severe than that of a ⌬bipA mutant and that the ribosome assembly defects in a ⌬deaD mutant are more drastic than those in a ⌬bipA mutant. However, p23S accumulation in the ⌬bipA ⌬deaD double mutant was not notably different than that in the individual mutants, even though the ribosomal profile of the double mutant exhibited severe defects. This may reflect a disparity between the effects of mutations on rRNA processing and on ribosome assembly.
16S rRNA results from RNase III cleavage of the 17S rRNA precursor (19) . The 17S rRNA is 115 nucleotides longer than the mature 16S rRNA at the 5= end and 33 nucleotides longer at the 3= end (Fig. 6A) . This difference is sufficient to separate the two species of rRNA on an agarose gel and distinguish them using a single probe corresponding to the mature portion (Fig. 6A) .
Again, the degree of processing was determined by calculating the amount of precursor (17S) rRNA divided by the sum of precursor and mature (16S ϩ 17S) rRNAs (Fig. 6B) . Although the ⌬bipA and ⌬deaD mutants exhibited a slight increase in the P/(P ϩ M) ratio (0.30 and 0.25, respectively) compared to a wild-type strain (0.23), there was no statistical difference between any of the mutant strains and the wild-type strain except for the ⌬bipA ⌬deaD strain. The slight processing defect observed in this double mutant may be an indirect effect of the severe impairment of 50S assembly.
To summarize, processing of 23S rRNA was impaired in a ⌬bipA mutant, supportive of our proposal that BipA is important for ribosome assembly. We suggest that the 23S rRNA processing defect is related to defective biogenesis of the 50S ribosomal subunit.
Deletion of lepA does not result in ribosome assembly defects. The extensive homology between LepA and BipA suggested that they might perform similar functions. To determine whether deletion of lepA also impairs ribosome assembly, we analyzed ribosome profiles from a ⌬lepA strain grown at 37°C (Fig. 7B) or at 20°C (Fig. 7D ) and compared the results to the wild-type strain results ( Fig. 7A and C) . Although the 50S peak shows a small shoulder indicative of pre-50S accumulation, the profile perturbation was slight compared to the effect of bipA deletion, suggesting that LepA and BipA have distinct functions and that LepA is not a significant factor in ribosome assembly.
DISCUSSION
The process of protein production is elaborate and requires multiple steps and components, making it difficult to determine the role of each factor. Previous work indicated that BipA likely is important in translation, but elucidation of the specific step of the process and the mechanism has remained elusive. Protein domain analysis suggests that BipA is an elongation factor in the EF-G family (3, 4, 7) ; therefore, it was hypothesized by us as well as others that BipA confers selectivity on the ribosome such that mRNAs are translated preferentially in the presence or absence of BipA (5). However, an alternate hypothesis is that BipA is a ribosome assembly factor that is similar to known assembly factors such as DeaD. In this work, we sought to clarify the role of BipA by examining its effect on ribosome assembly.
The results presented here demonstrate that a ⌬bipA mutant exhibits three phenotypes associated with defective ribosome assembly: (i) cold sensitivity, (ii) altered ribosome subunit distribution, and (iii) accumulation of precursor rRNA. The cold sensitivity of the ⌬bipA mutant is similar to that of the ⌬deaD mutant; each displayed a doubling time about half that of the wild type. The ⌬bipA ⌬deaD double mutant exhibited a multiplicative phenotype, with a doubling time one-quarter that of the wild type. Thus, this strain showed the double-mutant phenotype that would be expected when there is no genetic interaction, implying that the two gene products exert their effects independently of one another. These results led us to predict that if BipA is involved in ribosome assembly, it functions at a step distinct from DeaD.
The effect of bipA deletion on ribosome assembly was determined by separation of the 30S and 50S subunits from the 70S ribosome and qualitative analysis of the relative amounts of each. The ⌬bipA mutant strain displayed an aberrant ribosome profile when grown at 20°C, with increased levels of 30S and decreased amounts of 50S relative to the wild type, as well as the accumulation of a presumed pre-50S particle. Additionally, the ratio of 30S and 50S subunits to 70S monosomes was increased, again indicat- ing a defect in ribosome assembly. The phenotype was similar to that displayed by the ⌬deaD strain, and the double mutant again showed a combinatorial effect, although the extent could not be calculated. Finally, the accumulation of precursor 23S rRNA in the ⌬bipA strain substantiated the results of the ribosome profiling, indicating that a defect in ribosome assembly led to accumulation of pre23S rRNA in a manner similar to that of the ⌬deaD mutant.
The effects of bipA deletion in all three measures of defective ribosome assembly strongly indicate that BipA is important for efficient assembly of ribosomes when cells are grown at low temperatures. The effect on 50S subunit production, the presence of a pre-50S particle, and the accumulation of pre23S rRNA all suggest that BipA is primarily involved in the production of the 50S subunit. Although DeaD also is critical for 50S assembly (18) , the genetic combinatorial phenotypes suggest that BipA and DeaD function independently of one another and are likely involved in separate assembly pathways.
Our findings also expand upon our previous work that demonstrated a relationship between rluC and bipA (5). Based on our results showing that deletion of rluC suppressed the cold-sensitive defect of ⌬bipA, we had proposed that under certain conditions, such as low temperature, ribosomes are dependent on BipA. We further suggested that ribosomes unmodified by RluC become BipA independent. Our current data support and extend this hypothesis. Deletion of rluC suppressed not only the cold-sensitive phenotype but also the ribosome subunit distribution and rRNA processing defects that were exhibited by the ⌬bipA strain, indicating that ribosome assembly was BipA independent when the 23S rRNA was unmodified by RluC. However, a rluC deletion was unable to suppress the cold sensitivity of the ⌬deaD strain (data not shown), further suggesting that DeaD and BipA function independently of one another.
While it is clear from this work that deletion of bipA results in a ribosome assembly defect, these experiments are insufficient to distinguish whether this is a direct or indirect effect. BipA may be a bona fide assembly factor, with a direct function in ribosome assembly, probably driven by hydrolysis of GTP. It is also possible, however, that BipA is a ribosome translation factor and that deletion of bipA results in inefficient expression of a subset of proteins. Indeed, our unpublished results as well as the published results of others (7, 31, 32) support the hypothesis of a role for BipA in expression of some stress response proteins. It may be that deletion of bipA results in the inability of cells to respond properly to low-temperature stress and that ribosome assembly is impacted as an indirect result.
BipA and LepA have similar predicted protein structures, with the exception of their unique C-terminal ends (3), and the function of neither has been fully elucidated. One study demonstrated that LepA is a back-translocase, presumably enhancing the fidelity of translation by reversing miscoded posttranslocation ribosome complexes (33) . However, more-recent studies have shown that deletion of neither lepA nor bipA resulted in detectable effects on the accuracy of translation, although both proteins, when overexpressed, inhibited transfer-messenger RNA (tmRNA) tagging of messages lacking stop codons, leading the authors to suggest that both LepA and BipA are translation factors (34) . Subsequent studies demonstrated that deletion of lepA led to alterations in the frequency of translation initiation for many mRNAs (35) . It was proposed that LepA functions during the late stages of ribosome biogenesis. We did not see a defect in ribosome assembly in a ⌬lepA strain, even when the strain was grown at 20°C (Fig. 7) . In addition, ⌬lepA strains are not cold sensitive, and the ⌬bipA ⌬lepA double mutant does not display any synthetic phenotype. For these reasons, we think that BipA and LepA, despite their structural similarities, are distinct in function and impact different aspects of the translational process.
